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ABSTRACT
Listeria monocytogenes is a Gram-positive, facultative intracellular food-borne
pathogen that causes the disease listeriosis. In order to establish an infection, L.
monocytogenes must survive multiple stressors encountered within the gastrointestinal
tract, including alterations in pH, bile, salt, and oxygen availability. This dissertation
focused on understanding the stress response of L. monocytogenes to bile. Bile acts as a
bactericidal agent by disrupting the membrane integrity and causing instability to
macromolecules like DNA. Thus, a bacterium must be able to maintain its membrane
architecture, composition and integrity.
Often times, bacteria will modulate their fatty acid composition in the membrane
to cope with environmental changes. Our research through fatty acid methyl ester
analyses showed that the fatty acid composition of the cell membrane of L.
monocytogenes was altered after exposure to bile, suggesting that L. monocytogenes
incorporates exogenous fatty acids from bile. Additionally, incorporation of exogenous
fatty acids was subsequently found to increase bile survival in the bile sensitive strain
HCC23 under aerobic conditions whereas improved the survival of the moderately bile
resistant strain, 10403s under anaerobic conditions. Thus, suggesting oxygen availability
plays a role in influencing survival. The incorporation of fatty acids was also found to
increase the fluidity of the cell membrane following exposure to bile. Together, these
data indicate that bile sensitive strains of L. monocytogenes may incorporate exogenous
fatty acids from the host into their cell membrane as an attempt to survive membrane
damage, such as that induced by bile but in turn lose intestinal fitness.
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It is known that bile causes oxidative damage to bacterial cells. However, it is not
known if oxidative stress occurs under physiologically relevant anaerobic conditions. Our
results showed that bile exposure alters the redox potential of L. monocytogenes by
increasing the membrane potential for the bile resistant strain F2365 and by reducing the
NADH:NAD+ in F2365 and 10403S under anaerobic conditions. Though the decrease in
NADH:NAD+ may suggest an oxidative environment, no signs of oxidative stress were
observed as there was lack of lipid and protein oxidation under anaerobic conditions. This
data correlates with our previous proteomics data. Further research is needed to
understand the kind of damage induced by bile in Listeria monocytogenes under
anaerobic conditions.
Bile is also known to cause DNA damage. We wanted to see if L.
monocytogenes’ ability to repair bile induced DNA damage is what aids in bile
resistance. Since recA is the inducer of SOS response, we analyzed the expression of
various DNA repair and bile resistant genes in the L. monocytogenes strain, EGD-e and
the mutant of EGDe lacking recA. We also analyzed the ability of EGD-e and the recA
mutant to survive bile stress under aerobic and anaerobic conditions. Our research
suggests that there may be a recA independent DNA repair mechanism involved in the
bile induced DNA repair in L. monocytogenes strain EGD-e.
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CHAPTER I – INTRODUCTION
1.1 FOOD-BORNE PATHOGENS
Food-borne pathogens account for nearly 48 million illnesses per year, with
nearly 128,000 hospitalizations and 3,000 deaths in the United States alone (Gould,
Walsh et al. 2013). The top bacteria responsible for food-borne illness are
Campylobacter, Clostridium, Escherichia coli, Listeria monocytogenes, and Salmonella.
Campylobacter causes nearly 1.3 million illnesses per year. Clostridium causes nearly 1
million illnesses per year. Certain strains of Escherichia coli can cause hemolytic uremic
syndrome. These Shiga-toxin producing strains of E. coli account for nearly 265,000
illnesses each year in the United States. Salmonella results in approximately 1.2 million
illnesses each year and about 450 deaths. Listeria monocytogenes is also one of the
deadliest food-borne pathogens, causing nearly 260 deaths each year.

1.2 LISTERIA MONOCYTOGENES
Listeria monocytogenes is a Gram-positive, facultative intracellular, facultative
anaerobic bacterium that causes the foodborne disease listeriosis (Farber and Peterkin
1991). Foods such as milk and dairy products, various meat products, vegetables and
fruits can become contaminated with this pathogen during packaging, handling, and
shipment. The elderly, pregnant women, and the immuno-compromised are highly
susceptible to listeriosis. This pathogen can cause meningitis, septicemia, and febrile
gastroenteritis in non-pregnant individuals and can cause abortion, still-birth, or fetal
infections in pregnant women (Allerberger, Langer et al. 1989, Scallen, Hoekstra et al.
2011).
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The ability of Listeria monocytogenes to survive harsh conditions, such as wide
ranges of salt concentrations, pH, and temperature, make this bacterium a threat to the
food industry. These capabilities also increase the probability of the bacterium to survive
within the mammalian host. For instance, in order to survive the gastrointestinal (GI)
tract of the host, L. monocytogenes has to resist stressors such as variations in pH,
osmolarity, oxygen, and bile (Gahan and Hill 2005, Merritt and Donaldson 2009).
Though much work has been conducted to analyze the response mechanisms of L.
monocytogenes to each of these stressors, very little is known regarding the response
under physiologically relevant conditions. Therefore, this project focused on identifying
the response of L. monocytogenes to bile under anaerobic conditions.
Bile is made in the liver from cholesterol, stored in the gallbladder, and released
into the duodenum after intake of food (Begley, Gahan et al. 2005). Table 1.1 indicates
the components of bile. Bile disrupts cell membranes, dissociates membrane proteins, and
induces DNA damage through oxidative stress (Begley, Gahan et al. 2005, Merritt and
Donaldson 2009). Studies have shown L. monocytogenes colonizes the gall bladder,
which demonstrates that this pathogen is capable of tolerating high concentrations of bile
(Hardy, Francis et al. 2004, Hardy, Margolis et al. 2006). Several genes have been found
to be involved in conferring bile resistance, including the bile salt hydrolase (bsh) and
bile exclusion (bilE) genes, which are regulated by the major virulence factor prfA
(Dussurget, Cabanes et al. 2002, Begley, Gahan et al. 2005). Additionally, studies have
shown exposure to bile regulates virulence factors in L. monocytogenes, as seen by an
increased expression of internalin A and the efflux pump MdrT (Quillin, Schwartz et al.
2011, Payne, Schmidt et al. 2013).
2

Constituent
Gall Bladder Bile %
Liver Bile %
Water
89.0
98.0
Solids
11.0
2.0
Inorganic salts
0.8
0.75
Bile salts/acids
6.0
0.9
Mucin and pigments
3.0
0.4
Cholesterol
0.38
0.06
Table 1.1 Composition of bile within gall bladder and liver (Nakayama 1969,
Coleman, Iqbal et al. 1979).

Few studies have been conducted to analyze the response of L. monocytogenes to
bile under physiologically anaerobic conditions. However, there is evidence that suggests
oxygen availability does influence survival of L. monocytogenes in bile. The bile salt
hydrolase (bsh) activity was found to increase under anaerobic conditions in L.
monocytogenes (Begley, Sleator et al. 2005). Additionally, the infective capacity of L.
monocytogenes increased with oxygen restriction in vivo as well as in vitro (Sewell, Allen
et al. 2015). An additional study that analyzed the upregulated genes following anaerobic
exposure found that none of the genes upregulated were required for growth (MullerHerbst, Wustner et al. 2014). However, this does not necessarily reflect the role of these
genes in bile survival. For instance, work from our laboratory has indicated that the
thickness of the cell membrane of L. monocytogenes was altered in the presence of bile
and was also dependent upon oxygen availability (Merritt, Lawrence et al. 2010).
Additionally, resistance to bile is improved in anaerobic conditions (White, McClung et
al. 2015, Wright, Pendarvis et al. 2016). Together, these data indicate that concentration
of oxygen available has a major impact on the survival of L. monocytogenes to stressors.
3

1.3 INNOVATION
The connection between oxygen availability and damage induced by bile is a
novel aspect in Listeria monocytogenes that needs to be studied. It is known that bile
causes membrane damage in prokaryotes. Studies have shown that bile causes oxidative
damage in L. monocytogenes aerobically, but the type of damage induced under
anaerobic conditions is still unknown. This proposal is innovative since it will
characterize the type of damage induced by bile with respect to availability of oxygen.
Though the methods proposed to test this hypothesis are not novel, the innovation of the
project lies in exploring the damage induced by bile under different oxygen conditions
(aerobic and anaerobic), which could help in better understanding the bile resistance
mechanisms employed by Listeria monocytogenes.
1.4 APPROACH
1.4.1 Specific Aim 1: To analyze the role of fatty acids in bile induced membrane
alterations in Listeria monocytogenes under aerobic and anaerobic conditions.
1.4.1.1. Introduction
Listeria monocytogenes changes the fatty acid profile to regulate stress resistance
and virulence factors in response to temperature stress, pH stress, and disinfectants
(Annous, Becker et al. 1997, Zhu, Bayles et al. 2005, Keeney, Colosi et al. 2009).
However, it is not known what type of changes in fatty acid profile occur during bile
exposure, especially in regards to physiologically relevant anaerobic conditions.
Therefore, the working hypothesis of this aim was that L. monocytogenes incorporated
fatty acids exogenously from bile, thereby altering the fatty acid profile and conferring
resistance against bile stress. This hypothesis was tested by examining the fatty acid
4

profile of three different strains of Listeria monocytogenes under aerobic and anaerobic
conditions in the presence of bile. There are four genetic lineages of L. monocytogenes
(Orsi, den Bakker et al. 2011, Hain, Ghai et al. 2012). Lineage I contains serovars 1/2b,
3b, 3c, and 4b; lineage II contains serovars 1/2a, 1/2c, and 3a. Serovars 4a, 4b, and 4c
comprise lineages III and IV (Rasmussen, Skouboe et al. 1995). Serovars 1/2a, 1/2b, 1/2c
and 4b make up roughly 90% of human listeriosis cases (McLauchlin 1990). The strains
that were tested include 1/2a, 4b, and 4a. The multi strain approach helped to remove
strain bias. The rationale behind this aim was that changes in the fatty acid composition
of the membrane of Listeria monocytogenes will help us to understand the role of fatty
acids in bile resistance mechanism.
1.4.1.2. Background
Listeria monocytogenes is able to survive various stressors encountered within the
digestive tract, including variations in pH, osmolarity, bile and oxygen. In order to cope
with these various environmental stresses, many bacteria have the ability to alter their
fatty acid composition in the membrane and/or alter the phospholipid architecture,
thereby conferring protection against stressors. For instance, Staphylococcus aureus
incorporates fatty acids from the host serum into the cell membrane when exposed to
FasII-targeted antibiotics, thus conferring resistance to these antibiotics (Morvan,
Halpern et al. 2016). Additionally, Enterococcus faecalis incorporates fatty acids
exogenously to protect the membrane from damaging agents (Saito, Harp et al. 2014).
Studies have also shown that bile induces changes in the fatty acid composition of the
membrane of Vibrio cholerae to induce homeoviscous adaptation (Chatterjee, Dutta et al.
2007). Listeria monocytogenes changes the fatty acid profile to regulate stress resistance
5

and production of virulence factors in response to temperature stress, pH stress, and
disinfectants (Annous, Becker et al. 1997, Zhu, Ding et al. 2005, Keeney, Colosi et al.
2009). Previous work from our laboratory has shown the thickness of the cell membrane
is altered under anaerobic conditions following exposure to bile (Merritt, Lawrence et al.
2010), suggesting that the structure of the cell membrane is altered under these
conditions. Therefore, aim 1 further characterized the role that bile had on changing the
structure of the cell membrane in L. monocytogenes.
1.4.1.3. Research Design
Objective 1: To analyze the fatty acid composition of the membrane of Listeria
monocytogenes under aerobic and anaerobic conditions.
Strains representing three different serovars of L. monocytogenes were used to
analyze the changes in fatty acid composition of the membrane induced by bile exposure.
Objective 2: To analyze the survival of Listeria monocytogenes pre-treated with
pure lipids prior to bile exposure under aerobic and anaerobic conditions.
Objective 2 determined if specific fatty acids had a role in imparting bile
resistance.
Objective 3: To analyze the rigidity of the membrane of Listeria monocytogenes
under aerobic and anaerobic conditions.
To determine whether exposure to bile impacted the fluidity of the membrane, the
rigidity of the membrane was analyzed using anisotropy.
Objective 4: To analyze the expression of efflux pumps MdrM and MdrT in
Listeria monocytogenes under aerobic and anaerobic conditions.
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To determine whether the change in fluidity of the membrane of Listeria
monocytogenes affected the expression of the efflux pumps, the expression of efflux
pumps MdrM and MdrT were analyzed after exposure to bile under aerobic and
anaerobic conditions.
1.4.2. Specific Aim 2: To characterize the damage induced by bile under aerobic and
anaerobic conditions.
1.4.2.1. Introduction:
Studies have shown that bile can induce damage to the bacterial membrane. The
working hypothesis of this aim was that bile induced oxidative damage in L.
monocytogenes under aerobic conditions, but induced reductive damage under anaerobic
conditions. This hypothesis was tested by measuring changes in the NADH/NAD+
quantities, membrane potential, protein oxidation, lipid peroxidation and DNA damage
after exposure to bile under both aerobic and anaerobic conditions. The rationale for this
aim was that characterizing the damage induced by bile will help us better understand the
bile resistance mechanism utilized by L. monocytogenes.
1.4.2.2. Background
Bile acids are stored in the gall bladder, which are made in the liver from
cholesterol and are released into the duodenum after intake of food (Boyer 2013). Some
of the effects that bile can have on bacterial cells are disruption of cell membrane,
dissociation of membrane proteins, induction of DNA damage and oxidative stress
(Merritt and Donaldson 2009). Research from our lab has shown that bile can alter the
membrane of L. monocytogenes differently based on oxygen availability (Merritt,
Lawrence et al. 2010). DNA repair and oxidative stress response proteins were found to
7

be upregulated following exposure to bile (Payne, Schmidt et al. 2013, Wright, Pendarvis
et al. 2016). Bile has been shown to induce oxidative damage (Bernstein, Bernstein et al.
1999), but the impact of the damage has not been characterized under physiologically
relevant anaerobic conditions. Therefore, this aim was to characterize the damage
induced by bile under anaerobic conditions.
1.4.2.3. Research Design
Objective 1: Detection of protein carbonyls
To determine whether bile induced oxidative damage to proteins, protein
carbonylation was measured.
Objective 2: Detection of lipid peroxides at the cell membrane.
Oxidative damage to lipids causes lipid peroxidation. The end products of lipid
peroxidation are reactive aldehydes, such as malondialdehyde (MDA) and 4hydroxynonenal (4-HNE). Therefore, objective 2 entailed measuring the quantity of
MDA to determine if bile induced lipid peroxidation.
Objective 3: Detection of oxidative DNA damage by measurement of 8-hydroxy2’-deoxyguanosines
To determine whether bile induced oxidative DNA damage, the quantity of 8hydroxy-2’-deoxyguanosines, the oxidized derivative of deoxyguanosine, which is
usually generated by oxidative damage to the DNA, was measured.
Objective 4: Quantification of NADH/NAD+ ratio
To determine if bile induced changes in the redox potential, the quantity of
NADH and NAD+ was measured using the NAD+/NADH Quantitation kit (Sigma
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Aldrich, #MAK037) and the membrane potential was measured using the BacLight
Membrane Potential kit (Thermo Fisher, #B34950).
1.4.3. Specific Aim 3: To understand the role of recombinational repair in bile
induced damage.
1.4.3.1. Introduction
Research has shown that bacterial DNA can be damaged after exposure to bile
(Bernstein, Bernstein et al. 1999, Prieto, Ramos-Morales et al. 2004, Prieto, RamosMorales et al. 2006). In order to repair the DNA damage, bacteria will upregulate the
SOS response to repair the damaged DNA. RecA acts as an activator of SOS response.
Previous studies have shown RecA is involved in bile survival with L. monocytogenes.
However, since our laboratory had identified that the response under anaerobic conditions
varies in comparison to aerobic conditions, it is possible that the SOS response is not
required under anaerobic conditions. Hence the working hypothesis of this aim was that
RecA was not required for L. monocytogenes to repair the bile induced DNA damage and
bile resistance under anaerobic conditions. The rationale for this aim was that by
understanding the DNA repair mechanism to bile induced DNA damage will help us
better understand the bile resistance mechanism utilized by L. monocytogenes.
1.4.3.2. Background
Bile acts as a bactericidal agent. Bile not only has an effect on the membrane of
enterics, but studies have shown that bile can induce damage to the DNA. Bacteria have
various mechanisms to repair the damage caused to their DNA, including mismatch
repair, base excision repair (BER), nucleotide excision repair (NER), homologous
recombination, and SOS response. In Salmonella enterica, the SOS response is induced
9

after the exposure of the bacteria to various bile salts (Prieto, Ramos-Morales et al.
2004). Following exposure to bile, DNA repair and oxidative stress response proteins
were also found to be upregulated in L. monocytogenes (Payne, Schmidt et. al, 2013,
Wright et al.,2016). There are 29 genes that are part of the SOS response regulon in L.
monocytogenes; these genes are involved in DNA repair, translesion DNA synthesis and
the bile exclusion system BilE (van der Veen et al., 2010). RecA is the SOS response
activator while LexA is the repressor of the SOS response (Butala et al., 2009, and Cox,
2007). The role of RecA has been studied in acid resistance, but its role in bile resistance
needs to be determined (van der Veen et al., 2010), especially as it relates to
physiologically relevant anaerobic conditions.
1.4.2.3. Research Design
Objective 1: Determine survival of Listeria monocytogenes strain, EGDe and
the isogenic mutant strain recA under aerobic and anaerobic conditions
To determine if the recA mutant strain of Listeria monocytogenes EGD-e grew differently
compared to the wild type after exposure to bile under aerobic and anaerobic conditions,
growth curves were performed over the course of 5 hours after the exposure to bile.
Objective 2: Determine expression of DNA repair genes recA, lexA, and uvrA
and bile resistant genes bsh, and bilE by RT-PCR.
To determine the expression of DNA repair genes and bile resistant genes after the
exposure to bile under aerobic and anaerobic conditions, RT-PCR was utilized on bile
treated EGDe and the recA mutant.

10

1.5. RESEARCH PURPOSE AND SIGNIFICANCE
Listeria is known to alter its cell membrane in the presence of bile. This is
important because it may correlate with intestinal fitness. Therefore, to determine how L.
monocytogenes responds, three hypotheses were tested in this dissertation. Aim 1 was to
test the hypothesis that L. monocytogenes incorporated fatty acids exogenously from bile,
thereby altering the fatty acid profile and conferring resistance against bile stress. This
work is presented in Chapter II.
Bile acts as a bactericidal agent by causing damage to the membrane and DNA of
enterics, but what kind of damage is induced by bile to the membrane and the DNA of
Listeria monocytogenes under physiological relevant conditions is not known. It is
important to characterize the bile induced damage in L. monocytogenes to understand the
stress response. Aim 2 tested the hypothesis that bile induced oxidative damage in L.
monocytogenes under aerobic conditions, but induced reductive damage under anaerobic
conditions. This work is presented in Chapter III.
There are various mechanisms by which bacteria repair their damaged DNA. One
of the many repairs include SOS response. Studies have shown the upregulation of
various DNA repair genes in presence of bile, including uvrA, which is indicative of the
induction of the SOS response. RecA is the activator of SOS response. Thus, aim 3 tested
the hypothesis that RecA is required by L. monocytogenes to repair the bile induced DNA
damage and is therefore important for bile resistance. This study was a preliminary,
proof-of-concept study, to determine the importance of RecA in bile resistance. This
work is presented in Chapter IV.
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CHAPTER II – INCORPORATION OF FATTY ACIDS IN MEMBRANE OF
LISTERIA MONOCYTOGENES PROMOTES BILE SURVIVAL
2.1. ABSTRACT
Listeria monocytogenes is a Gram-positive, facultative intracellular food-borne
pathogen that causes the disease listeriosis. In order to establish an infection, L.
monocytogenes must survive multiple stressors encountered within the gastrointestinal
tract, including alterations in pH, bile, salt, and oxygen availability. Often times, bacteria
will modulate their fatty acid composition in the membrane to cope with environmental
changes. Therefore, the purpose of this study was to determine if changes in the fatty acid
composition of the cell membrane was important for bile survival. Fatty acid methyl ester
analyses indicated that the fatty acid composition of the cell membrane was altered after
exposure to bile, suggesting that L. monocytogenes incorporates exogenous fatty acids
from bile. Additionally, incorporation of exogenous fatty acids was subsequently found
to increase bile survival in the bile sensitive strain HCC23. Oxygen availability was also
found to influence this survival. The incorporation of fatty acids was also found to
increase the fluidity of the cell membrane following exposure to bile. Together, these
data indicate that bile sensitive strains of L. monocytogenes may incorporate exogenous
fatty acids from the host into their cell membrane as an attempt to survive membrane
inducing damage, such as that induced by bile.
2.1. INTRODUCTION
According to the Centers for Disease Control and Prevention, approximately 48
million people in United States are infected with food-borne illnesses annually, of which
nearly 128,000 people are hospitalized and 3,000 deaths occur (Gould, Walsh et al.
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2013). The Gram-positive bacterium Listeria monocytogenes is the third major cause of
death related to foodborne illnesses (Scallan, Hoekstra et al. 2011). Listeria
monocytogenes is an intracellular bacterium that exists as a saprophyte in nature and
enters the human body after ingestion of contaminated food (Gray and Killinger 1966).
Listeria causes gastroenteritis in healthy individuals, but can cause disease in
immunocompromised individuals, elderly, infants and pregnant women, including
systemic infections, meningitis, stillbirths, and spontaneous abortions (Farber and
Peterkin 1991, Dalton, Austin et al. 1997, Vazquez-Boland, Kuhn et al. 2001).
In order to cause disease, L. monocytogenes must survive various stressors
encountered within the gastrointestinal tract, including variabilities in pH, osmolarity,
bile and oxygen. Bile is a greenish yellow fluid synthesized by the liver and stored in the
gallbladder and consists of bile acids, cholesterol, phospholipids, bilirubin, and fatty
acids (Coleman, Iqbal et al. 1979). Bile acids are the bactericidal component of bile,
causing damage by altering the membrane integrity and permeability (Begley, Gahan et
al. 2005). Therefore, the ability to maintain the membrane architecture and composition
is critical to bile resistance. Listeria monocytogenes has several bile resistance
mechanisms, including the bile salt hydrolase (bsh), bile tolerance loci (btl), bile
exclusion system (bilE), and multidrug resistance pumps mdrM and mdrT, all of which
are regulated by the major virulence factor PrfA (Dussurget, Cabanes et al. 2002, Begley,
Sleator et al. 2005, Sleator, Wemekamp-Kamphuis et al. 2005, Quillin, Schwartz et al.
2011). Additionally, recent proteomic studies have shown several membrane proteins are
upregulated in response to bile exposure, indicating that alterations in the membrane are
important for bile survival (Payne, Schmidt et al. 2013, Wright, Pendarvis et al. 2016).
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The ability of bacteria to alter their fatty acid composition of the cell membrane
allows for survival to various environmental stressors (Zhang and Rock 2008). In fact,
many bacteria are able to utilize exogenous fatty acids provided by the host to modulate
changes in their cell membrane architecture (Yao and Rock 2015). Staphylococcus
aureus has been found to incorporate fatty acids from the host into their membrane
(Parsons, Broussard et al. 2014). Additionally, Enterococcus faecalis incorporates fatty
acids exogenously to protect the membrane from damaging agents, such as bile (Saito,
Harp et al. 2014). Listeria monocytogenes changes the fatty acid profile to regulate stress
resistance and production of virulence factors (Sun, Wilkinson et al. 2012) in response to
temperature stress, pH stress, and disinfectants (Annous, Becker et al. 1997, Badaoui
Najjar M 2007, Badaoui Najjar M 2009, Bisbiroulas P. 2010). However, it is not known
whether the membrane changes are modulated by exposure to the host’s stressors, such as
bile, and how this contributes to survival in the host. As L. monocytogenes is resistant to
bile, the purpose of this study was to determine whether L. monocytogenes can
incorporate exogenous fatty acids into the cell membrane and whether this is important
for resistance.
2.2 MATERIALS AND METHODS
2.2.1. Bacterial strains and culture conditions
The strains of Listeria monocytogenes used in this study were F2365 (4b serovar),
10403S (1/2a serovar) and HCC23 (4a serovar). Strains were stored in 20% glycerol
stocks at -80C. All strains were routinely cultured in Tryptic Soy Broth (TSB) at 37C in
a shaker incubator. For cultivation under anaerobic conditions, cells were incubated in a
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Coy anaerobic chamber supplied with gas mix 95% N2/ 5% H2 in Wheaton serum vials
with rubber stoppers and crimp sealed aluminum caps.
2.2.2. FAME Analyses
Cultures grown overnight in TSB in either aerobic or anaerobic conditions were
diluted into 5ml of fresh TSB and grown to mid-logarithmic phase (OD600 ~ 0.4) at 37C
in a shaker incubator. The cultures were then split into two separate 2ml aliquots and
centrifuged at 8000 x g for 2 min, then resuspended in fresh 2ml TSB supplemented with
0% or 0.3% porcine bile extract (B8631, Sigma Aldrich) and 0.1% methanol to increase
bile solubility. This concentration of methanol was found to not impact the growth of L.
monocytogenes (data not shown). Following 1 hr of exposure to bile, 1ml of cells was
centrifuged at 8000 x g for 2 min and washed with an equal volume of phosphate
buffered saline (PBS) twice. Cell pellets were stored at -80C until shipped to Microbial
ID, Inc. (Newark, DE) for fatty acid methyl ester (FAME) analysis. The cell pellets were
resuspended and saponified using a sodium hydroxide-methanol mixture. Following the
saponification step, a methylation step was performed; prior to the analysis by gas
chromatography, an extraction step with hexane was performed. Three independent
replicates were performed for each strain under both aerobic and anaerobic conditions.
2.2.3. Survival Assays
Overnight cultures were grown under either aerobic or anaerobic conditions.
Cultures were then inoculated at a 1:100 ratio into TSB supplemented with either 0% or
20% of Lipid mix (L0288, Sigma Aldrich) to a final volume of 5ml. For individual fatty
acids analyzed, cells were cultured in TSB supplemented with 10g/mL linoleic acid or
25g/mL oleic acid. Cells were incubated at 37C in a shaker incubator to mid19

logarithmic phase (OD600 ~ 0.4) under either aerobic or anaerobic conditions, at which
time cultures were split into two 2ml aliquots and centrifuged at 8000 x g for 2 min. Cells
were then washed with PBS twice then resuspended in fresh 2ml TSB supplemented with
0% or 5% porcine bile extract (B8631, Sigma Aldrich) supplemented with 0.1%
methanol. Cells were then exposed to bile for 1 hr at 37C in a shaker incubator, then
serially diluted and plated onto Tryptic Soy Agar (TSA). Plates were incubated at 37C
for 24 h prior to enumeration for viable plate count analysis. Plates from the anaerobic
cultivation were incubated anaerobically using the AnaeroPack system (Mitsubishi Gas
chemical) at 37C. Three independent replicates were performed for each strain under
both aerobic and anaerobic conditions.
2.2.4. Anisotropy
The protocol for whole cell anisotropy was adapted from Najjar, et al (Badaoui
Najjar, Chikindas et al. 2007). Overnight cultures grown either aerobically or
anaerobically were diluted 1:100 and grown to mid-logarithmic phase, after which cells
were exposed to 0% or 0.3% porcine bile for 1 hr at 37C. Post exposure, the cells were
centrifuged at 8,000 x g and resuspended in PBS to an A450 of 0.28. A final concentration
of 2M of 1,6- diphenyl, 1,3,5 hexatriene (DPH) was added to the cells resuspended in
PBS and the cells were incubated for 45 min statically at 37C. To establish baseline
values, TSB without cells labeled with DPH was used. Anisotropy was also measured for
cells grown aerobically or anaerobically with 0% or 20% lipid mix as described above.
Measurements were collected for at least three independent replicates.
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2.2.5. Gene Expression Studies
Cells were grown to mid-logarithmic phase aerobically and anaerobically as
described above, after which the cells were exposed to either 0% or 0.3% porcine bile for
1 hr at 37C. Post exposure, the cells were washed three times with PBS. Cells were
immediately treated with RNA Protect (Qiagen), centrifuged at 8,000 x g, and pellets
were stored at -80C prior to RNA isolation using the RNeasy mini kit (Qiagen). RNA
was isolated per manufacturer’s instructions. Briefly, cells were resuspended in RLT
buffer and lysed using a bead mill with 0.1mm zirconia beads for two 1 min cycles.
Lysates were then collected and transferred to a Qiashredder column and centrifuged at
8,000 x g for 5 min at 10C. Samples were then passed through a RNeasy column
(Qiagen) and washed with appropriate buffers. An on-column DNA digestion was then
performed (RNase free DNase, Qiagen). Columns were washed and RNA was eluted
with 20l RNase free water; RNA was quantified using Qubit (Thermo Fisher) per
manufacturer’s protocol for the RNA BR Assay kit (Q10210, Thermo Fisher).
The RNA was converted to cDNA using the High Capacity cDNA reverse
transcription kit (Thermo Fisher) using 10l of RNA. The reaction mixture was then
incubated as follows: 10 min for 25C, 2 hr at 37C and 5 min at 85C. The cDNA
concentrations were measured using Qubit as per the manufacturer’s instructions for the
dsDNA HS assay kit (Q32854, Thermo Fisher).
The expression of the efflux pumps MdrM and MdrT were analyzed using qPCR
(Table 2.1). 16S rRNA was used as a housekeeping gene. For each sample, 1l of 20X
TaqMan Gene expression assay (Applied Biosystems), 100ng cDNA template, 10l of 2X
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Taqman gene expression Master mix (Applied Biosystems, and RNase free water to a
volume of 20l was used. Samples were then analyzed using a BioRad Step One Plus Real
Time PCR system. Fold changes were determined based on CT values from the 16S rRNA
gene in comparison to either MdrM or MdrT using the 2-ddCT method. Three independent
replicates were analyzed in duplicate runs.

16S
rRNA
mdrT
mdrM

Forward primer (5’-3’)
GTGGAGCATGTGGTTTAATTCG

Reverse primer (5’-3’)
ACCCAACATCTCACGACAC

AATAACGAGTCCCATCAGCC

ATTCCCGATCTTGCTTACTGG

AGAACACAAGCGACTACAGAAAG

TTGCCACTAAACTCGGACC

Probe (5’-3’)
/56-FAM/CCACCTGTC
/ZEN/ACTTTGTCCCG AA/3IABkFQ/
/56-FAM/ATCATAATC
/ZEN/CCCGCACCCGC /3IABkFQ/
/56-FAM/TATTGCCAA
/ZEN/CCATGTCCTCATCCACG/3IABkFQ/

Table 2.1. Primers and Probes Used in qPCR Assays
2.3 RESULTS
2.3.1 Fatty acid content of L. monocytogenes cell membrane is altered after bile
exposure.
Fatty acid compositions of the HCC23, F2365, and 10403S strains of L.
monocytogenes were analyzed using FAMEs after exposure to 0% and 0.3% bile under
aerobic (Figure 2.1A) and anaerobic (Figure 2.1B) conditions. In Figure 2.1, the C15anteiso and C17-anteiso saturated branched chain fatty acids (BCFAs) were the
predominate fatty acids observed in all three strains at 37C. C15-iso and C17-iso
saturated BCFAs were the next major fatty acids found in the membrane of the three
strains. Together the C15-iso and anteiso and C17-iso and anteiso for HCC23, 10403S
and F2365 constituted 97.94%, 86.74%, and 92.25% of the membrane, respectively. The
saturated fatty acids palmitic acid (C16:0) and stearic acid (C18:0) constituted 5.04% and
1.48% respectively for HCC23, 7.74% and 1.98% respectively for 10403S, and 4.09%
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and 0.79% respectively for F2365. After exposure to 0.3% bile under aerobic conditions,
there was a significant decrease in C15-iso, -anteiso and C17-iso, -anteiso saturated
branched chain fatty acids. For HCC23, the content of those fatty acids was 66.85%,
45.15% for 10403S, and 86.01% for F2365, respectively. There was a significant increase
(p < 0.05) in palmitic acid for HCC23, 10403S, and F2365 (14.37%, 31.97%, 7.84%,
respectively). Similarly, there was a significant increase (p≤ 0.05) in stearic acid for
HCC23 (7.67%), 10403S (14.82%), and F2365 (2.48%). Unsaturated fatty acids, such as
oleic acid (C18:1 w9c) and linoleic acid (C18:2 w6c), were not detected in the membrane
prior exposure to bile in HCC23 or F2365. However, after bile exposure oleic acid and
linoleic acid were both detected in HCC23 (8.29% and 6.22%, respectively) and F2365
(2.18% and 1.3%, respectively). Interestingly, for the strain 10403S, presence of oleic
acid was detected prior exposure to bile (1.62%) and after exposure to bile (1.67%);
linoleic acid was only detected after exposure to bile (1.78%).
Under anaerobic conditions, the membranes of HCC23, F2365, and 10403S were
predominantly composed of C15-iso, antesio and C17-iso, anteiso saturated BCFAs
(Figure 2.1B). About 82.83% compromised the BCFAs in HCC23, 85.50% in 10403S,
and 81.98% in F2365. The C15-iso dimethyl acetal fatty acid was also detected.
Approximately 0.81%, 2% and 1.01% of the fatty acids detected in the membrane were
C15-iso fatty acids in HCC23, 10403S, and F2365, respectively. The saturated fatty acid
palmitic acid was present as 4.12%, 4.33%, and 4.75% in HCC23, 10403S, and F2365
respectively, whereas stearic acid was present as 0.85%, 0.81%, and 3.81% in HCC23,
10403S, and F2365 respectively. After exposure to 0.3% bile, there was a significant
decrease (p≤ 0.05) in the BCFAs in HCC23 (58.25%), 10403S (69.66%), and F2365
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(66%). There was approximately a 7-fold (28.52%) increase in palmitic acid and a 12fold (12.46%) increase in stearic acid in HCC23. In 10403S, there was a 3-fold (12.15%)
increase in palmitic acid and 4-fold (4.87%) increase in stearic acid. For F2365, there was
approximately a 4-fold (15.43%) increase in palmitic acid and a 2-fold (6.49%) increase
for stearic acid. The increase in palmitic acid was significant (p< 0.05) for all three
strains tested, whereas the increase in stearic acid was only significant for HCC23 and
10403S after bile exposure. The unsaturated fatty acids oleic acid and linoleic acid were
also detected in all three strains of Listeria monocytogenes only after exposure to 0.3%
bile. In HCC23, oleic acid was present as 2.63% and linoleic acid as 0.82%, in 10403S,
oleic acid as 2.13% and linoleic acid as 1% and in F2365, oleic acid as 3.17% and
linoleic acid as 1.51%.
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Figure 2.1A. Fatty acid composition of L. monocytogenes changes after bile exposure
under aerobic conditions. Cells were grown in the presence of 0% or 0.3% bile. The
fatty acid composition of the membrane of L. monocytogenes strains HCC23, F2365
and 10403S was analyzed using Fatty Acid Methyl Esters (FAMEs), performed by
Microbial, ID. The fatty acid content is expressed as percent content. Three
independent replicates were performed.
25

100%
90%
80%
70%

Percent Content

60%
50%
40%
30%
20%
10%
0%
HCC23

HCC23-Bile

F2365

F2365-Bile

10403S

10403s-Bile

Different strains and conditions
12:00

14:00

14:0 iso

15:0 iso

15:0 anteiso

15:0 iso dma

16:0 iso

16:00

17:0 iso

17:0 anteiso

18:00

18:2 w6c

18:1 w9c

Figure 2.1B. Fatty acid composition of L. monocytogenes changes after bile exposure
under anaerobic conditions. Cells were grown in the presence of 0% or 0.3% bile.
The fatty acid composition of the membrane of L. monocytogenes strains HCC23,
F2365 and 10403S was analyzed using Fatty Acid Methyl Esters (FAMEs),
performed by Microbial, ID. The fatty acid content is expressed as percent content.
Three independent replicates were performed.
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2.3.2 Pre-treatment with lipids improves bile survival of Listeria monocytogenes
Since exposure to bile altered the fatty acid composition of the membrane of
HCC23, F2365, and 10403S under both aerobic and anaerobic conditions, we next
wanted to determine whether these changes increased bile survival. To determine this,
cells were grown to mid-logarithmic phase with a lipid mixture consisting of palmitic
acid, stearic acid, oleic acid, and linoleic acid (Figure 2.2). These fatty acids were chosen
since these were the major fatty acids detected in all three strains after exposure to bile
(see Figure 2.1). Cells were subsequently exposed to bile; survival was analyzed using
viable plate counts. Under aerobic conditions after treatment with bile, a pre-exposure to
the lipid mixture improved the survival of only HCC23 significantly (gray bars, (p <
0.05; Figure 2.2A). However, under anaerobic conditions, pre-exposure to the lipid
mixture improved the bile survival for strain 10403S (p < 0.05; Figure 2.2B).
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Figure 2.2A. Lipid mix improves the survival of only L. monocytogenes strain
HCC23 (p≤ 𝟎. 𝟎𝟓) after exposure to 5% bile under aerobic conditions. L.
monocytogenes strains HCC23, F2365, and 10403S were grown in the presence of
either 0% or 5% bile after pretreatment with either 0% or 20% lipid mix under
aerobic conditions. Survival was analyzed using viable plate counts. Graphs indicate
an average of three independent replicates ± standard deviation for n = 3.
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Figure 2.2B. Lipid mix improves the survival of only L. monocytogenes strain
10403S (p≤ 𝟎. 𝟎𝟓) after exposure to 5% bile under anaerobic conditions. L.
monocytogenes strains HCC23, F2365, and 10403S were grown in the presence of
either 0% or 5% bile after pretreatment with either 0% or 20% lipid mix under
anaerobic conditions. Survival was analyzed using viable plate counts. Graphs
indicate an average of three independent replicates ± standard deviation for n = 3.

29

Since an increase in bile survival was observed in a strain dependent manner
following exposure to the lipid mixture, individual fatty acids were analyzed to determine
whether they have a specific impact on the bile survival on L. monocytogenes. Linoleic
acid (10ug/mL) and oleic acid (25ug/mL) were used as these concentrations were similar
to that in the lipid mixture used in Figure 2.2. Briefly, cells were grown in the presence of
either fatty acid to mid-logarithmic phase, at which time cells were then treated with bile.
Survival was assessed by viable plate counts. Under aerobic conditions, oleic acid
contributed to a significant improvement in bile survival for all strains tested (p < 0.05).
Linoleic acid only increased survival for HCC23 and F2365. Interestingly, 10403S grew
significantly better in the presence of both oleic acid and linoleic acid than in media alone
(Figure 2.3A).
Under anaerobic conditions, exposure to linoleic acid prior to bile treatment
decreased bile survival for HCC23 and F2365 in comparison to bile only treatments
(Figure 2.3B). In fact, exposure to oleic acid decreased viability of all three strains in the
absence of bile. Exposure to oleic acid also decreased bile survival for all three strains
tested. However, oleic acid only decreased the viability of F2365 in the absence of bile.

30

Figure 2.3A. Oleic acid improves the survival of all strains of L.
monocytogenes after bile exposure under aerobic conditions (p≤ 𝟎. 𝟎𝟓). Linoleic
acid improved the survival of the L. monocytogenes strains, HCC23 and F2365 after
bile exposure under aerobic conditions (p≤ 𝟎. 𝟎𝟓). L. monocytogenes strains HCC23,
F2365, and 10403S were grown in the presence of 0% or 5% bile after pretreatment
with either 0µg/ml or 25µg/ml oleic acid and/or linoleic acid under aerobic
conditions. Survival was analyzed using viable plate counts. Graphs indicate an
average of three independent replicates ± standard deviation for n = 3
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Figure 2.3B. Oleic acid or Linoleic acid did not improve the survival of any
strains of L. monocytogenes after bile exposure under anaerobic conditions. L.
monocytogenes strains HCC23, F2365, and 10403S were grown in the presence of
0% or 5% bile after pretreatment with either 0µg/ml or 25µg/ml oleic acid and/or
linoleic acid under anaerobic conditions. Survival was analyzed using viable plate
counts. Graphs indicate an average of three independent replicates ± standard
deviation for n = 3.
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2.3.3 Bile impacts membrane fluidity of Listeria monocytogenes
FAMEs analyses indicated that the fatty acid composition of all three strains of L.
monocytogenes tested were altered after exposure to bile under aerobic and anaerobic
conditions. To determine if this alteration in fatty acids had an effect on the membrane
fluidity of L. monocytogenes, anisotropy was performed (Figure 2.4). The fluorescence
anisotropy r values of untreated cells (black bars, Figure 2.4) were compared to the bile
treated cells (gray bars) to determine membrane rigidity.
Under aerobic conditions, exposure to bile decreased the r values for 10403S and
F2365, suggesting the fatty acids decreased the rigidity and therefore increased the
fluidity of the membrane. Interestingly, following treatment with the lipid mixture, a
significant increase in fluidity was observed for all strains in comparison to non-treated
cells, though this increase was trending for HCC23 (p = 0.06). An increase in membrane
rigidity was observed for all strains following bile treatment when comparing those
exposed to lipids versus those not pre-treated. This increase was significant for HCC23
and F2365 (p < 0.05), but was trending for 10403S (p = 0.08).
As observed under anaerobic conditions, bile treatment decreased the r values for
all strains tested, indicating an increase in membrane fluidity. Also, as observed under
aerobic conditions, exposure to the lipid mixture increased the membrane fluidity in all
strains tested; the fluidity of F2365 under anaerobic conditions was slightly trending
towards this physiological effect (p < 0.1). Interestingly, following exposure to bile, all
three strains when pre-treated with lipids had a decrease in membrane rigidity under
anaerobic conditions. This was opposite of what was observed under aerobic conditions.
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Figure 2.4A. Bile exposure without lipid pre-treatment makes the membrane
of all L. monocytogenes strains fluid under aerobic conditions (p≤ 𝟎. 𝟎𝟓) whereas
bile exposure with lipid pre-treatment makes the membrane of all L. monocytogenes
strains rigid under aerobic conditions (p≤ 𝟎. 𝟎𝟓). L. monocytogenes strains HCC23,
F2365, and 10403S were grown in the presence of either 0% or 0.3% bile after
pretreatment with either 0% or 20% lipid mix under aerobic conditions. Membrane
fluidity was analyzed by performing anisotropy. Anisotropy values are expressed as
r values. Graphs indicate an average of three independent replicates ± standard
deviation for n = 3.
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Figure 2.4B. Bile
exposure with or without lipid
pre-treatment makes the
membrane of all L.
monocytogenes strains fluid
under anaerobic conditions (p≤
𝟎. 𝟎𝟓). L. monocytogenes strains
HCC23, F2365, and 10403S
were grown in the presence of
either 0% or 0.3% bile after
pretreatment with either 0% or
20% lipid mix under aerobic
conditions. Membrane fluidity
was analyzed by performing
anisotropy. Anisotropy values
are expressed as r values.
Graphs indicate an average of
three independent replicates ±
standard deviation for n = 3.
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2.3.4 Bile alters the expression of efflux pumps
Since anisotropy results showed that exposure to bile altered the fluidity of the
membrane, we next determined if these alterations to the membrane fluidity had an effect
on the expression of the efflux pumps (Figure 2.5).
As observed under aerobic conditions, in the presence of bile, the expression of
MdrM and MdrT was not significantly altered in F2365 and HCC23. However, in
10403S there was a significant increase in expression of both efflux pumps. Interestingly,
when the cells were pre-treated with lipid mixture prior to exposure to bile, the
expression of MdrT was increased only in HCC23.
Under anaerobic conditions, the expression of MdrT was significantly increased
in HCC23 and 10403S. Interestingly, the expression of MdrM under anaerobic conditions
only increased for HCC23. However, pretreating cells with the lipid mixture did increase
the expression of MdrM and MdrT for HCC23 and 10403S.
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Figure 2.5. The expression of the efflux pumps mdrM and mdrT increases for the L.
monocytogenes strain, 10403S after bile exposure under aerobic conditions and for
HCC23 and 10403S under anaerobic conditions. Lipid mix induced the expression
of mdrT for HCC23 under aerobic conditions whereas lipid mix induced the
expression of mdrM and mdrT for both HCC23 and 10403S under anaerobic
conditions. L. monocytogenes strains HCC23, F2365, and 10403S were grown in the
presence of either 0% bile, 0.3% bile or 20% lipid mix. Expression was analyzed
using RT-PCR and expressed as fold change. Graphs indicate an average of three
independent replicates. A fold change over or equal to 2-fold was considered
significant.
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2.4 DISCUSSION
It is known that many bacteria alter their fatty acid composition by incorporating
fatty acids exogenously to cope with the environmental stress (Saito, Harp et al. 2014).
Listeria monocytogenes is exposed to fatty acids inside of the host, specifically during
transit through the gastrointestinal tract upon exposure to bile (Begley, Gahan et al.
2005). Fatty acids are the second major component of bile (Boyer 2013). Previous studies
from our laboratory have shown that alterations in the cell membrane occur following
exposure to bile, such as alterations in the thickness of the cell membrane (Merritt,
Lawrence et al. 2010) and expression of membrane associated proteins (Merritt,
Lawrence et al. 2010, Payne, Schmidt et al. 2013, Wright, Pendarvis et al. 2016).
However, it is not known what physiological changes occur at the cell membrane and
how these changes may be a means to provide protection against the environmental
stressor. Therefore, based on our previous studies, it was hypothesized that L.
monocytogenes incorporates fatty acids from bile into the membrane to improve bile
survival.
Listeria monocytogenes can modulate changes in the cell membrane to cope with
exposure to stressors encountered in different environmental conditions (Annous, Becker
et al. 1997, Zhu, Bayles et al. 2005, Zhu, Ding et al. 2005, Giotis, McDowell et al. 2007).
Here, we showed that the fatty acid composition and membrane fluidity was altered
following exposure to bile. The fatty acids stearic acid and palmitic acid increased
following exposure to bile in all strains tested under both aerobic and anaerobic
conditions. Interestingly, linoleic acid was only detected following bile exposure for all
strains tested. Oleic acid was also only detected following bile treatment for HCC23 and
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F2365. Oleic acid is a fatty acid found abundantly in human tissues. Research has shown
that many Gram-negative bacteria contain oleic acid in their membrane (Cho and Salton
1966, Louesdon, Charlot-Rouge et al. 2015). However, these fatty acids are not typically
observed in the membranes of Gram positive bacteria. Thus the changes observed after
exposure to bile suggest the fatty acids from bile were exogenously incorporated into the
membrane.
Unsaturated fatty acids have been found to inhibit expression of the cholera toxin
by Vibrio cholerae (Chatterjee, Dutta et al. 2007). However, it is not known what impact
unsaturated fatty acids have on the expression of virulence factors of L. monocytogenes.
The fact that the avirulent strain HCC23 incorporated a greater amount of oleic acid than
that observed by 10403S or F2365 may suggest a distinct mechanism of exogenously
incorporating fatty acids among different strains of L. monocytogenes.
To determine the impact that unsaturated fatty acids may have on survival of L.
monocytogenes to bile, strains were pre-treated with a lipid mixture before being exposed
to bile. Interestingly, an increase in survival was observed for HCC23, but only under
aerobic conditions. An increase in bile survival was also observed for 10403S under
anaerobic conditions. To determine whether this was specifically due to exposure to
unsaturated fatty acids, strains of L. monocytogenes were pre-exposed to either oleic acid
or linoleic acid prior to treatment with bile. For treatment with oleic acid, a significant
increase was observed in cells treated with bile in comparison to cells treated with bile
without exposure to the fatty acid. However, this improvement in survival was only
observed under aerobic conditions for HCC23 and F2365. The fact that this was not
observed in 10403S may be due to the fact that this strain already had produced a small
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amount of oleic acid according to our FAMEs analysis (Figure 1). Therefore, the impact
for a pre-treatment with fatty acids was not evident by the assay tested. A significant
increase was observed for HCC23, F2365, and 10403S following pre-exposure to linoleic
acid. However, under anaerobic conditions, pre-exposure to either linoleic or oleic acid
decreased bile survival among all strains tested. This could have been a result of fatty
acid toxication. It is possible that the concentration of the fatty acids in the membrane of
L. monocytogenes with the pre-treatment as well as the incorporation of fatty acids from
bile was detrimental and hence a negative effect was observed. Therefore, the decrease in
survival for cells treated with bile after being exposed to linoleic acid or oleic acid could
have been a result of fatty acid toxication.
To determine if bile exposure impacted the expression of the efflux pumps,
expression of two efflux pumps MdrM and MdrT was analyzed using RT-PCR. Both
pumps have been known to be associated with the c-di-AMP secretion, which induces
IFN- in the host (Schwartz et al., 2012). MdrT has been associated with the removal of
cholic acid, thereby protecting L. monocytogenes from the toxic effects of bile.
Our results showed that the expression of mdrM and mdrT was not significantly
impacted in F2365 under aerobic or anaerobic conditions following exposure to bile. This
indicates that bile does not impact the regulation of the expression of these pumps,
suggesting F2365 does not utilize these efflux pumps for bile resistance. Further research
is needed to determine the role that these pumps have in F2365. When comparing the
membrane fluidity of all three strains after bile exposure, the membrane of F2365 was the
most fluid. Research has shown that maintaining a very fluid membrane is linked to
expression of virulence factors. It is possible that the fluidity of the membrane allows the
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proper secretion of virulence factors, hence why F2365 is the most virulent of the strains.
Moreover, since the expression of mdrM and mdrT may lead to loss of fitness and
virulence for F2365, it is possible that this particular strain of L. monocytogenes has an
unknown mechanism to repress the expression of these pumps.
The gene expression results suggest that there is an interplay between efflux
pumps and the modulation in fatty acid composition and bile survival in HCC23 and
10403S. Both HCC23 and 10403S had an improvement in bile survival when preexposed to lipids, though this effect varied depending upon oxygen availability. When
comparing the fatty acid composition following bile exposure (Figure 2.1), HCC23 had
the most palmitic acid and stearic acid. 10403S had the greatest amount of branched
chain fatty acids after exposure to bile. Under anaerobic conditions, HCC23 had more
saturated fatty acids as compared to 10403S and F2365. Even though 10403S had a
greater amount of branched chain fatty acids, the fold change in expression of mdrT was
higher in HCC23 compared to 10403S. These data suggest that mdrT is involved in
improving bile survival, though the exact mechanism for this is unknown.
Expression of mdrM was greater when cells were not pre-exposed to lipids. This
suggests that mdrM is regulated by bile acids and not lipids present in bile. It was
interesting that mdrM was not expressed in greater quantities in F2365 and 10403S, being
that this is a pump induced by bile. It was also interesting to note that the expression of
this pump was improved under anaerobic conditions. As previous studies have shown this
pump is not essential for bile survival, it is imperative to analyze the type of damage that
is induced at the cell membrane under anaerobic conditions, as this may be why induction
of the pump has been observed by others (Quillin, Schwartz et al. 2011).
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In summary, exposure to bile was found to alter the fatty acid composition of L.
monocytogenes. Treating L. monocytogenes with unsaturated fatty acids and subsequently
analyzing bile survival showed that survival was improved in strains that had an increase
in expression of mdrT. The improvement in bile survival for HCC23 and 10403S under
aerobic and anaerobic conditions, respectively, may be due to an incorporation of
unsaturated fatty acids. Further research is needed to determine the role of mdrT and
mdrM in bile resistance and how expression is varied depending upon oxygen
availability. Additionally, further research is needed to determine how exogenous fatty
acids are incorporated into the cell membrane and why this incorporation varies between
strains of L. monocytogenes.
Together, these data suggest that incorporation of exogenous fatty acids improves
bile survival, but is strain specific under both aerobic and anaerobic conditions. Why a
difference was observed based on oxygen availability needs to be further explored.
Additionally, further research is needed to determine how exogenous fatty acids are
incorporated into the cell membrane and why this incorporation varies between strains of
L. monocytogenes.
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CHAPTER III- CHARACTERIZATION OF BILE INDUCED DAMAGE IN
LISTERIA MONOCYTOGENES
3.1 ABSTRACT
Listeria monocytogenes is a Gram-positive, facultative intracellular food-borne
pathogen that causes the disease listeriosis. In order to establish an infection, L.
monocytogenes must survive multiple stressors encountered within the gastrointestinal
tract, including alterations in pH, bile, salt, and oxygen availability. Bile acts as a
bactericidal agent by disrupting the membrane integrity and causing instability to DNA.
It is known that bile causes oxidative damage to bacterial cells but the kind of damage
induced by bile under physiologically relevant anaerobic conditions is yet to be
discovered. Therefore, the purpose of this study was to characterize the type of damage
induced by bile in L. monocytogenes under anaerobic conditions. Our results showed that
bile alters the redox potential of L. monocytogenes. Since no lipid peroxidation or
damage to the DNA was observed except protein oxidation under aerobic conditions, our
results suggest that bile induces oxidative damage to the proteins under aerobic
conditions. Further research is needed to understand the damage induced by bile in L.
monocytogenes under anaerobic conditions.
3.1 INTRODUCTION
Bile acids are stored in the gall bladder, which are made in the liver from
cholesterol and are released into the duodenum after intake of food (Boyer 2013). Bile
acts as a bactericidal agent for bacteria. Patients that secrete lower amounts of bile, as
seen with cirrhosis, as compared to healthy individuals have a higher bacterial burden in
the intestine and have an increased chance of systemic infections (Ridlon, Alves et al.
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2013). Some of the effects that bile can have on bacterial cells are disruption of cell
membrane, dissociation of membrane proteins, induction of DNA damage and oxidative
stress (Merritt and Donaldson 2009). The cell membranes of bacteria are damaged by the
detergent like property, due to the amphipathic nature of bile. Depending on the
concentration of bile, bile can either solubilize the lipids in the membrane leading to the
leakage of the cell or by altering the proteins bound to the membrane, thus changing the
fluidity and permeability of the membrane (Coleman, Iqbal et al. 1979). The
hydrophobicity of the surface of the cell is also known to be altered by bile (Kociubinski,
Zavaglia et al. 2002). The type of bile salts also has a role in the disruption of the
membrane. At physiological pH, the conjugated bile salts are fully ionized and hence are
localized at the outer hemi-leaflet of the membrane, whereas the unconjugated bile salts
can enter the cell by crossing the membrane passively (Schubert, Jaroni et al. 1983,
Cabral, Small et al. 1987, Hofmann, Schumann et al. 2001). Research has also shown that
bile salts can cause unfolding of the proteins in the membrane, thereby causing a
disulfide stress that leads to a shift in redox potential by altering the GSH:GSSG ratio in
bacteria (Cremers, Knoefler et al. 2014).
Other than having membrane damaging properties, bile can also cause damage to
the DNA and induce the genes involved in DNA repair. Research from our lab has shown
that bile can alter the membrane of L. monocytogenes differently based on oxygen
availability and strain (Merritt, Lawrence et al. 2010). DNA repair and oxidative stress
response proteins were found to be upregulated following exposure to bile (Payne,
Schmidt et al. 2013, Wright, Pendarvis et al. 2016).
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Bile is known to cause oxidative damage to bacteria by generating oxygen free
radicals (Bernstein, Bernstein et al. 1999). For example, in Propionibacterium
freudenreichii, three of the bile stress proteins, namely cysteine synthase, oxidoreductase
and superoxide dismutase, have been shown to be involved in remediation of oxidative
stress (Leverrier, Dimova et al. 2003). Similarly, in E. coli, the genes micF and osmY that
are induced by bile salts are also induced by oxidative stress (Bernstein, Bernstein et al.
1999). Even though bile has been shown to induce oxidative damage, the impact of the
damage has not been characterized under physiologically relevant anaerobic conditions.
Therefore, this chapter examines the damage induced by bile under anaerobic conditions.
3.2 MATERIALS AND METHODS
3.2.1 Bacterial strains and culture conditions
The strains of L. monocytogenes used in this study were F2365 (4b serovar),
10403S (1/2a serovar) and HCC23 (4a serovar). All strains were routinely cultured in
Tryptic Soy Broth (TSB) at 37C in a shaker incubator. Cultures grown overnight in TSB
were diluted into 5ml of fresh TSB and grown to mid-logarithmic phase (OD600 ~ 0.4) at
37C in a shaker incubator under either aerobic or anaerobic conditions. For anaerobic
conditions, cells were incubated in a Coy anaerobic chamber supplied with a gas mix of
95% N2/ 5% H2 in Wheaton serum vials with rubber stoppers and crimp sealed aluminum
caps. The cultures were then split into two separate 2ml aliquots and centrifuged at 8,000
x g for 2 min, then resuspended in fresh 2ml TSB supplemented with 0% or 0.3% porcine
bile extract (B8631, Sigma Aldrich) and 0.1% methanol to increase bile solubility. This
concentration of methanol was found to not inhibit growth of L. monocytogenes (data not
shown).
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3.2.2 NADH:NAD+ Quantification
To determine if bile induced changes in the redox potential, the quantity of
NADH and NAD+ was measured using the NAD+/NADH Quantitation kit (Sigma
Aldrich, #MAK037). Cells were grown as described above aerobically or anaerobically
to mid-logarithmic phase, after which the cells were exposed to 0% and 0.3% porcine bile
extract for 1 hr at 37C. Post exposure, the NADH/NAD+ ratio of the cells was
quantified in bile treated and control cultures of F2365, 10403S, and HCC23 under both
aerobic and anaerobic conditions per the manufacturer’s protocol. A minimum of three
independent replicates were performed.
3.2.3 Membrane Potential Analysis
Cells were grown as described above aerobically or anaerobically to midlogarithmic phase, after which the cells were exposed to 0% and 0.3% porcine bile
extract for 1 hr at 37C. Post exposure, the cells were centrifuged at 8000 x g and
resuspended in 1ml PBS. Cells were then treated with BacLight Membrane Potential kit
(Thermo Fisher, #B34950) and the membrane potential was measured with the inclusion
of DiOC2 and 1mM EDTA. CCCP was used as a control. After 30 min of exposure to
DiOC2 in the dark, samples were analyzed using an Attune Flow cytometer to analyze the
shift of the dye DiOC2 from the green emission to the red emission, which indicates
alterations in membrane potential. A minimum of three independent replicates were
analyzed.
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3.2.4 Detection of Lipid Peroxides
Oxidative damage to lipids causes lipid peroxidation. The end products of lipid
peroxidation are reactive aldehydes, such as malondialdehyde (MDA) and 4hydroxynonenal (4-HNE). Therefore, to determine if bile induced lipid peroxidation, the
quantity of MDA was measured. Lipid peroxides were measured in bile treated cultures
of F2365, 10403S, and HCC23 under both aerobic and anaerobic conditions using the
Lipid Peroxidation Assay kit (Abcam, #118970) as per the manufacturer’s instructions.
The principle of this method is that the free MDA present in the sample after lipid
peroxidation will react with thiobarbituric acid (TBA) to generate a MDA-TBA adduct.
These adducts were measured spectrophotometrically at 532 nm. A minimum of three
independent replicates were performed.
3.2.5 Detection of Protein Carbonyls
To determine whether bile induced oxidative damage to proteins, protein
carbonylation was measured using the Protein Carbonyl Content Assay (Sigma Aldrich,
#MAK094). Briefly, cells were treated with either 0% or 0.3% bile under aerobic and
anaerobic conditions for 1 hr as described above. Protein carbonyl content was measured
in bile treated cultures of F2365, 10403S, and HCC23 under both aerobic and anaerobic
conditions as per the manufacturer’s instructions. The Protein Carbonyl Content assay
determines carbonyl content by derivatization of protein carbonyl groups with 2,4dinitrophenylhydrazine (DNPH), leading to the formation of stable dinitrophenyl
hydrazine (DNP) adducts. These adducts were measured spectrophotometrically at 375
nm. A minimum of three independent replicates were performed.
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3.2.6 Detection of Oxidative DNA Damage by Measurement of 8-hydroxy-2’deoxyguanosines
To determine whether bile induced oxidative DNA damage, the quantity of 8-hydroxy-2’deoxyguanosines was measured. Cells were treated with either 0% or 0.3% bile under
aerobic and anaerobic conditions for 1 hr as described above. DNA was then isolated
from the treated and untreated cells and the AP sites were measured using the EpiQuik 8OHdG DNA Damage Quantification Direct Kit (EpiGentek, Catalog # P-6003-48) as per
the manufacturer’s instructions. In this assay, DNA is bound to the wells, and capture and
antibodies were used to detect 8-OHdG. Absorbance was read at 450 nm to detect the
signal and quantified colorimetrically. For controls, cells were treated with hydrogen
peroxide. A minimum of three independent replicates were performed.
3.3 RESULTS
3.3.1 Exposure to bile altered the membrane potential of Listeria monocytogenes
under anaerobic conditions
Since past research from our lab showed differences in the membrane thickness of
L. monocytogenes after exposure to bile, we wanted to assess if these alterations to the
membrane caused changes to the membrane permeability. Hence, membrane potential of
three strains of L. monocytogenes, HCC23, F2365 and 10403S, was measured using the
BacLight membrane Potential Kit under aerobic (Figure 3.1A) and anaerobic (Figure
3.1B) conditions to assess the effect of bile on the membrane polarization of L.
monocytogenes. This kit uses the fluorescent dye DiOC2 that is an indicator of membrane
potential. When DiOC2 is present in low concentrations, all bacterial cells exhibit green
fluorescence. But, in healthy cells that maintain a membrane potential, the concentration
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of DiOC2 increases and the fluorescence shifts towards red due to the self-association of
DiOC2. A shift from red to green indicates there is a loss of membrane potential or that
the cells are depolarized. Thus, a higher red:green signal ratio suggests intact membrane
potential, whereas a lower red:green ratio suggests membrane depolarization.
As seen in Figure 3.1, the black bars represent untreated cells stained with DiOC2,
the white bars represent cells stained with CCCP, and the black bars represent the bile
treated cells stained with DiOC2. CCCP is an ionophore that disrupts the membrane
potential. This is used as a positive control for loss of membrane potential. Under aerobic
conditions, there is not a significant change in the red:green signal in any of the strains
after the cells are exposed to bile. Similarly, under anaerobic conditions there is not a
significant change in red:green in HCC23, but is trending in 10403S after the exposure to
bile. Interestingly, in F2365, the cells treated with bile anaerobically exhibit a higher
red:green (p≤ 0.05) compared to the bile treated cells aerobically. Similarly, bile treated
cells compared to the untreated cells under anaerobic conditions, in F2365 exhibited a
higher red:green ratio.
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Figure 3.1. The membrane potential of L. monocytogenes strains HCC23, F2365 and
10403S remains unchanged after bile exposure under aerobic conditions. Under
anaerobic conditions, the membrane potential of only F2365 increased after bile
exposure (p≤ 𝟎. 𝟎𝟓). L. monocytogenes strains HCC23, F2365, and 10403S were
grown in the presence of either 0% or 0.3% bile under aerobic and anaerobic
conditions. Membrane potential was analyzed using BacLight membrane potential
kit. The membrane potential was measured as a red:green fluorescence using flow
cytometer. Graphs indicate an average of three independent replicates ± standard
deviation for n = 3.
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3.3.2 Exposure to bile alters the redox potential of Listeria monocytogenes
Since a change in membrane potential of F2365 was observed, we next wanted to
assess if there was a change in redox potential due to a change in the permeability of the
membrane. The change in redox potential was assessed by quantifying the intracellular
NADH:NAD+ under aerobic (Figure 3.2A) and anaerobic (Figure 3.2B) conditions.
Oxidative environments are indicated by a lower NADH:NAD+ and as the environment
becomes more reductive, the NADH:NAD+ gets higher.
As seen under aerobic conditions, after the exposure to bile (Figure 3.2A, grey
bars), there is no significant change in the NADH:NAD+, whereas under anaerobic
conditions, there is a significant (p≤ 0.05) decrease in NADH:NAD+ in F2365 and
10403S. Also, for HCC23, the bile treated cells under aerobic conditions when compared
to anaerobic conditions, had a significant decrease in NADH:NAD+ (p≤ 0.05).
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Figure 3.2. Bile exposure does not alter the NADH: NAD+ in any of the strains of L.
monocytogenes under aerobic conditions. Under anaerobic conditions, however bile
exposure reduces the NADH:NAD+ in F2365 and 10403S (p≤ 𝟎. 𝟎𝟓). L.
monocytogenes strains HCC23, F2365, and 10403S were grown in the presence of
either 0% or 0.3% bile under aerobic and anaerobic conditions. Graphs indicate an
average of three independent replicates ± standard deviation for n = 3.
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3.3.3 Exposure to bile does not cause lipid peroxidation in Listeria monocytogenes
As there were changes in the membrane potential and the redox potential of L.
monocytogenes after the exposure of bile, and since it is known that bile disrupts the
bacterial membrane by damaging the lipids in the membrane, we wanted to determine if
there was an oxidative damage to the lipids since the NADH:NAD+ was lower in bile
treated cells. The damage to the lipids was assessed by measuring the amount of
malondialdehye (MDA) present in the cell, which is indicative of lipid peroxidation. As

Amount of MDA (nmole/ml)

seen in figure 3.3, there were no MDAs detected after the cells were exposed to bile.

0.0000
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-0.0005
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-0.0010

-0.0015

HCC23

F2365

10403S

Figure 3.3. Bile does not induce lipid peroxidation in L. monocytogenes. L.
monocytogenes strains HCC23, F2365, and 10403S were grown in the presence of
either 0% or 0.3% bile under aerobic and anaerobic conditions. Lipid peroxidation
is detected as the presence of Malondialdehyde (MDA). No MDA was detected in L.
monocytogenes strains HCC23, F2365, and 10403S after bile exposure under aerobic
and anaerobic conditions. Graphs indicate an average of three independent
replicates ± standard deviation for n = 3.
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3.3.4 Exposure to bile causes oxidation to proteins in Listeria monocytogenes under
aerobic conditions
As no lipid peroxides were detected, we wanted to next detect the presence of
protein carbonyls. Protein carbonyls are an indication of oxidative damage to the
proteins. Hence the amount of protein carbonyls was quantified in HCC23, F2365 and
10403S under aerobic and anaerobic conditions (Figure 3.4 A, B and C respectively) after
the exposure to bile.
No significant amount of protein carbonyls was detected after exposure to bile in
any of the three strains of L. monocytogenes under anaerobic conditions, though it was
trending for HCC23. However, under aerobic conditions, the amount of protein carbonyls
was significantly higher (p≤ 0.05) in bile treated cells of F2365 and 10403S. No
significant amount of protein carbonyls was detected in bile treated cells of HCC23 under
aerobic conditions.
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Figure 3.4. Bile induces protein oxidation in L. monocytogenes strains F2365 and
10403S under aerobic conditions. Bile does not induce protein oxidation in any
strains of L. monocytogenes under anaerobic conditions. L. monocytogenes strains
HCC23, F2365, and 10403S were grown in the presence of either 0% or 0.3% bile
under aerobic and anaerobic conditions. Protein oxidation is detected as the
presence of protein carbonyls. Graphs indicate an average of three independent
replicates ± standard deviation for n = 3.
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3.3.5 Exposure to bile does not cause oxidative damage to the DNA in Listeria
monocytogenes
Since research has shown that bile can induce oxidative damage to the DNA, we
wanted to determine if bile had the same effect on L. monocytogenes. This oxidative
damage to the DNA was assessed by measuring the percent of 8-OHdG present in the
bile treated cells (Figure 3.5). Whenever there is an oxidative damage to the DNA, the
oxidized derivative of deoxyguanosine- 8-hydroxy-2’-deoxyguanosine (8-OHdG) is
generated.
Under aerobic conditions there was not a significant amount of 8-OHdG detected
in bile treated cells of L. monocytogenes. However, under anaerobic conditions the
percent of 8-OHdG was trending towards being higher in 10403S after the exposure to
bile (p=0.07). Interestingly, the percent of 8-OHdG in F2365 under anaerobic conditions
was significantly lower in bile treated cells as compared to untreated cells (p≤ 0.05).
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Figure 3.5. Bile does not induce DNA damage under aerobic and anaerobic
conditions. L. monocytogenes strains HCC23, F2365, and 10403S were grown in the
presence of either 0% or 0.3% bile under aerobic and anaerobic conditions. DNA
damage is detected as the presence of 8-OHdG which is an indication of oxidative
damage to the DNA. Graphs indicate an average of three independent replicates ±
standard deviation for n = 3.
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3.4 DISCUSSION
Bile acts as a bactericidal agent due to its amphipathic nature. Bile is known to
cause disruptions to the membrane by dissolving the lipids and causing damage to the
membrane bound proteins, thereby compromising the integrity and permeability of the
membrane. Bile is also known to cause damage to macromolecular structures like DNA.
Research from our lab has shown that bile can alter the membrane of L. monocytogenes
differently based on oxygen availability (Merritt, Lawrence et al. 2010). DNA repair and
oxidative stress response proteins were found to be upregulated following exposure to
bile (Payne, Schmidt et al. 2013, Wright, Pendarvis et al. 2016). Even though bile has
been shown to induce oxidative damage in bacteria, the impact of the damage has not
been characterized under physiologically relevant anaerobic conditions in L.
monocytogenes. Therefore, the hypothesis of this study was that bile induced oxidative
damage in L. monocytogenes under aerobic conditions, but induced reductive damage
under anaerobic conditions. Three strains of L. monocytogenes were tested, as these three
show variations in their resistance to bile (Payne, Schmidt et al. 2013, White, McClung et
al. 2015, Wright, Pendarvis et al. 2016). The strain HCC23 is considered bile sensitive,
while 10403S and F2365 are bile resistant.
As bile is also known to compromise the integrity of bacterial membrane, we
wanted to determine if the alterations caused a loss in membrane potential of the cell.
Under aerobic conditions bile did not cause any change in the membrane potential in the
three strains tested. However, the high red:green ratio in bile treated cells of F2365 under
anaerobic conditions suggests a healthy cell with intact membrane potential, whereas a
lower membrane potential or a hyperpolarized state of untreated cells in F2365 under
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anaerobic conditions. The depolarized state of the membrane after bile exposure was
most likely triggering signaling pathways for maintaining the cell wall integrity. The
membrane potential of 10403S remained unaltered under anaerobic conditions. The
HCC23 strain, though not significantly changed, did have the tendency to have an
increase in the red:green measurements.
The redox potential of L. monocytogenes was altered as observed by the change in
NADH:NAD+. A higher NADH:NAD+ indicated a reductive environment whereas a
lower NADH:NAD+ indicated an oxidative environment. Under anaerobic conditions,
the NADH:NAD+ in F2365 and 10403S is high, suggesting a reductive environment as
one would expect under anaerobic conditions. After the cells were exposed to bile under
anaerobic conditions, the NADH:NAD+ decreased, indicating an oxidative environment.
Thus, introduction of bile caused the environment to be oxidative under anaerobic
conditions. However, under aerobic conditions, no change in redox potential was
observed in any of the strains after bile exposure, suggesting that bile did not change the
oxidative environment under aerobic conditions.
Since bile causes damage to the membrane proteins and lipids, the lipids in the
membrane were analyzed for oxidative stress. Oxidative stress causes lipid peroxidation.
Our results showed that lipid peroxidation did not take place in L. monocytogenes as no
MDA was detected. Lipid peroxidation is known to be caused in the unsaturated fatty
acids in the membrane. Our fatty acid methyl esters (FAMEs) analysis shows that the
membrane composition of L. monocytogenes does not contain unsaturated fatty acids
(chapter II). Therefore, this could explain why lipid peroxidation was not detected.
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To determine if bile exposure causes oxidative damage to the proteins, we
analyzed the amount of protein carbonyls present. Our results showed that there was no
protein oxidation under anaerobic conditions, whereas under aerobic conditions protein
oxidation was observed in F2365 and 10403S. This further suggests that oxidative
damage was only induced under aerobic conditions. The reason of protein oxidation
under aerobic conditions could be related to the downregulation of the membrane protein
MreB in F2365 and 10403S. Research has shown that upregulation of this protein acts as
a reductive sink to protect the cell from oxidative stress. An upregulation of this protein
was observed in HCC23 and no protein carbonyls were detected in HCC23 under aerobic
conditions.
No protein carbonyls were detected in any of the strains under anaerobic
conditions. This could be possibly due to the fact that in HCC23 and 10403S, there is an
upregulation of efflux pumps mdrM and mdrT (Chapter II). Research has shown that
efflux pumps help in removing reactive oxygen species (ROS) produced by oxidative
stress. Since, the change in redox potential under anaerobic conditions suggests an
oxidative environment, it is likely that the efflux pumps are removing the ROS and hence
no signs of oxidative stress are observed.
Lastly, no damage to the DNA was observed under aerobic and anaerobic
conditions as there was no significant amount of 8-OHdG detected after exposure to bile.
However, what was interesting to observe was that in F2365 under anaerobic conditions,
the untreated cells had a higher amount of 8-OHdG suggesting that there was oxidative
damage to the DNA prior to exposure to bile and that exposure to bile actually lowered
the amount of 8-OHdG. The reduction of 8-OHdG in F2365 under anaerobic conditions
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after bile exposure could be due to the membrane polarization which maintained the
membrane integrity of the cell thereby not allowing oxidative DNA damage.
Together, these data indicate that bile induces oxidative damage in L.
monocytogenes, but does so only under aerobic conditions. Under anaerobic conditions,
even though an oxidative environment is induced by bile exposure, no signs of oxidative
damage were observed. It is likely that under anaerobic conditions, a reductive stress is
induced that leads to the production of reactive oxygen species that in turn induces
oxidative stress. The up-regulation of glucose -6-phosphate dehydrogenase under
anaerobic conditions in F2365 and 10403S, could also attribute to no signs of oxidative
damage being observed. The differences observed between HCC23 and 10403S and
F2365 suggest that these strains are damaged differently, most likely due to alterations in
the expression of stress response genes. The increase in resistance to bile that has been
observed by F2365 and 10403S may be due to the reduced environment not inducing
oxidative damage. Further research is needed to determine the type of damage induced
under anaerobic conditions and how these repair mechanisms correlate with the damage
observed.
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CHAPTER IV– BILE INDUCED DNA DAMAGE IN LISTERIA MONOCYTOGENES
IS RECA INDEPENDENT
4.1 ABSTRACT
Listeria monocytogenes is a Gram-positive, facultative intracellular food-borne
pathogen that causes the disease listeriosis. In order to establish an infection, L.
monocytogenes must survive multiple stressors encountered within the gastrointestinal
tract, including alterations in pH, bile, salt, and oxygen availability. In this study, we
show that the survival of L. monocytogenes following bile-induced damage is recA
independent. In DNA repair, RecA is an important factor as it is the activator of SOS
response. Gene expression studies of DNA repair genes recA, lexA, uvrA and of bile
resistance genes in EGD-e showed that there was an increase in expression of recA and
the bile resistant gene bilE under aerobic conditions, whereas the expression of recA,
bilE, bsh was increased under anaerobic conditions. Comparing survival of EGD-e and
the recA mutant, we found that the ability of recA to survive under high bile stress is not
impaired. This suggests that the bile induced DNA repair in Listeria monocytogenes
strain is recA independent.

4.1 INTRODUCTION
Listeria monocytogenes is a food-borne pathogen that is responsible for
the deadly food-borne illness, listeriosis (Farber and Peterkin 1991).
Immunocompromised individuals, elderly, pregnant women and infants are at a higher
risk of being infected with L. monocytogenes. In order to establish an infection
successfully, L. monocytogenes must be able to survive the various stressors it encounters
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in the gastrointestinal tract, one of which is bile. Bile is synthesized in the liver and stored
in the gall bladder and it is released into the duodenum after the consumption of food
(Begley, Gahan et al. 2005). Bile acts as a bactericidal agent. Bile not only has an effect
on the membrane of enterics, but studies have shown that bile can induce damage to the
DNA. Bacteria have various mechanisms to repair the damage caused to their DNA,
including mismatch repair, base excision repair (BER), nucleotide excision repair (NER),
homologous recombination, and SOS response. In Salmonella enterica, the SOS response
is induced after the exposure of the bacteria to bile salts (Prieto, Ramos-Morales et al.
2004). Following exposure to bile, DNA repair and oxidative stress response proteins
were also found to be upregulated in L. monocytogenes (Payne, Schmidt et. al, 2013,
Wright et al.,2016). This suggests that bile induces DNA damage in L. monoycotnges
and repair requires the response of the SOS related genes.
Single-stranded DNA (ssDNA) breaks induce the SOS response. The ssDNA is
recognized by RecFOR which recruits RecA to the ssDNA. RecA is the SOS response
activator while LexA is the repressor of the SOS response (Butala et al., 2009, and Cox,
2007). RecA acts as an activator by forming a nucleofilament which causes the
autocatalytic cleavage of the repressor, LexA. The genes of SOS response are repressed
by LexA. The cleavage of LexA relieves this repression of the SOS regulon. Many
different DNA repair and recombination processes are also associated with RecA (Cox
2007, Cox 2007). There are 29 genes as part of the SOS response regulon in L.
monocytogenes, most of which are involved in DNA repair, translesion DNA synthesis
and the bile exclusion system (van der Veen et al., 2010). The role of RecA has been
studied in acid resistance but its role in bile resistance needs to be determined (van der
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Veen et al., 2010), especially as it relates to physiologically relevant anaerobic
conditions. In this study, we investigated the role of RecA in bile-induced DNA repair of
L. monocytogenes.
4.2 MATERIALS AND METHODS
4.2.1 Bacterial strains and culture conditions
Listeria monocytogenes strains EGD-e and the recA mutant of EGD-e were used
in this study. The recA mutant of EGD-e was kindly given to us by Dr. T. Abee of
Wageningen University, Netherlands. Cells were routinely cultured in Tryptic Soy Broth
(TSB) at 37°C. Stocks were frozen in 20% glycerol and stored at -80°C.
4.2.2 Survival analysis
Overnight cultures were grown at 37°C, then subsequently diluted 1:100 in fresh
TSB and grown to mid-logarithmic phase (OD600 ~ 0.4) at 37C in a shaker incubator
under either aerobic or anaerobic conditions. For anaerobic conditions, cells were
incubated in a Coy anaerobic chamber supplied with gas mix of 95% N2/ 5% H2 in
Wheaton serum vials with rubber stoppers and crimp sealed aluminum caps. The cultures
were then divided into two separate 2ml aliquots and centrifuged at 8,000 x g for 2 min,
then resuspended in fresh 2ml TSB supplemented with 0% or 5% porcine bile extract
(B8631, Sigma Aldrich) and 0.1% methanol to increase bile solubility. This concentration
of methanol was found to not inhibit growth of L. monocytogenes (data not shown).
Cultures were incubated for 5 h at 37°C. Cell viability was enumerated at 1h, 3h, and 5h
post bile treatment. Three independent replicates were performed.
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4.2.3 Gene expression of DNA repair and bile resistance genes
Cells were grown to mid-logarithmic phase aerobically and anaerobically as
described above, after which the cells were exposed to either 0% and 0.3% porcine bile
for 1 hr at 37C. Post exposure, the cells were washed three times with PBS. Cells were
immediately treated with RNA Protect (Qiagen), centrifuged at 8,000 x g, and pellets
were stored at -80C prior to RNA isolation using the RNeasy mini kit (Qiagen) per
manufacturer’s instructions. Briefly, cells were resuspended in RLT buffer and lysed
using a bead mill with 0.1mm zirconia beads for two 1 min cycles. Lysates were then
collected and transferred to a Qiashredder column and centrifuged at 8,000 x g for 5 min
at 10C. Samples were then passed through a RNeasy column (Qiagen), followed by an
on-column DNA digestion (RNase free DNase, Qiagen). Columns were then washed, and
RNA was eluted with 20l RNase free water. RNA was quantified using a Qubit
(Thermo Fisher) per manufacturer’s protocol for the RNA BR Assay kit (Q10210,
Thermo Fisher).
The RNA was converted to cDNA using the High Capacity cDNA reverse
transcription kit (Thermo Fisher). The reaction mixture was then incubated as follows: 10
min for 25C, 2 hr at 37C and 5 min at 85C. The cDNA concentrations were measured
using the Qubit as per the manufacturer’s instructions for the dsDNA HS assay kit
(Q32854, Thermo Fisher).
The expression of the DNA repair genes recA, lexA and uvrA and bile resistance
genes bsh and bilE were analyzed using qPCR (Table 4.1). 16S rRNA was used as a
housekeeping gene. For each sample, 1l of 20X TaqMan Gene expression assay
(Applied Biosystems), 100ng cDNA template, 10l of 2X Taqman gene expression
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Master mix (Applied Biosystems), and RNase free water to a volume of 20l was used.
Samples were then analyzed using a Applied Biosystems Step One Plus Real Time PCR
system. Fold changes were determined based on CT values from the 16S rRNA gene in
comparison to either of the DNA repair and bile resistance genes using the 2-ddCT method.
Three independent replicates were analyzed in duplicate runs.

Forward primer (5’3’)
recA GCTTGGGACATT
AAACGTGC
lexA

bsh

uvr
A
bilE

Reverse primer (5’3’)
GTAATTGACTCCG
TTGCAGC

Probe (5’-3’)

/56-FAM/ACCCATCTC/
ZEN/CCCTTCGATTTCGC/
3IABkFQ/
CGAAATTGGTGA TTGGGTCCCGTCT /56-FAM/CCTTCAAGG/
AGCAGTTGG
AATTAAGC
ZEN/CGAGCAAGATGTCC
A/ 3IABkFQ/
TCCATTTTCGCAA TCCTGAGAAATTG /56-FAM/ACAACGGGT /
GGTAGAGG
AGTCCTGC
ZEN/AGTTTTCCATCACGC
A/ 3IABkFQ/
GAGGGCATCAAT CACAATAAGGGCA /56-FAM/ACCGCATAA/
ACTCGTCTG
CGCATAG
ZEN/CCATCAGCTAAACG
AAGAG/ 3IABkFQ/
TGGACATAAAAG GTTGTCAGTGGAA /56-FAM/TGTTTTCAT/
ACGGCGAG
TCAAGCG
ZEN/AGGACCGAGTGGTT
GCG/3IABkFQ/
Table 4.1. Primers and probes used in study

4.3 RESULTS
4.3.1 DNA repair and bile resistant genes are differentially expressed after exposure
to bile
Previous research has shown that exposure to bile causes various enterics,
including L. monocytogenes, to upregulate stress response genes such as DNA repair and
bile resistance genes. To characterize the role of DNA repair in the bile response, we
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analyzed the expression of the SOS response genes lexA, recA and uvrA under aerobic
and anaerobic conditions. The expression of the bile resistant genes bsh and bilE was also
analyzed. A less than 2-fold change in expression was considered to be not significant.
Results showed that under aerobic conditions after exposure to bile, recA was 2fold upregulated in EGD-e (Figure 4.2). There was no significant change in expression of
lexA or uvrA in EGD-e after exposure to bile. The expression of bilE and bsh was
significantly increased in EGD-e by 8-fold and 4-fold respectively. In the recA mutant,
the expression of bilE and uvrA was increased by 12-fold and 6-fold respectively after
exposure to bile under aerobic conditions.
Under anaerobic conditions after exposure to bile, the expression of recA was
increased in EGD-e by 6-fold. There was no change in expression for lexA in EGD-e.
The expression of bsh, bilE and uvrA was increased by 5-fold, 12-fold and 3-fold,
respectively in EGD-e. In the recA mutant, however, the expression of recA and lexA was
significantly (5-fold and 2- fold respectively) reduced after exposure to bile.
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Figure 4.1. Bile exposure increases the expression of recA, bsh and bilE in the L.
monocytogenes strain, EGD-e under aerobic conditions whereas the expression of
bilE and uvrA is increased in ∆recA, the mutant strain of EGD-e lacking recA under
aerobic conditions. Under anaerobic conditions, expression of all genes except lexA
is increased in EGD-e, whereas no genes have increase in ∆recA. L. monocytogenes
strains EGD-e and the mutant strain recA were grown in the presence of either 0%
bile or 5% bile. Expression was analyzed using RT-PCR and expressed as fold
change. Graphs indicate an average of three independent replicates. A fold change
over or equal to 2-fold was considered significant.
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4.3.2 Bile does not alter the survival of ∆recA
Previous research has shown that recA is expressed following exposure to bile (van der
Veen, van Schalkwijk et al. 2010, van der Veen and Abee 2011). Additionally, our results
in Figure 4. 1 indicated that the expression of recA varied under aerobic and anaerobic
conditions following exposure to bile. We therefore analyzed whether recA was required
for bile survival in L. monocytogenes strain EGD-e. The wild type and mutant strains
were exposed to either 0% or 5% bile for 5 hrs; cell viability was assessed by viable plate
counts. Results showed that under aerobic conditions, the percent survival of EGD-e was
significantly reduced (p≤ 0.05) within 3h after the exposure to bile, whereas no
significant changes were observed in the recA mutant after exposure to bile under aerobic
conditions. Similarly, no significant difference was observed in survival when comparing
the wild type strain to the mutant strain after the exposure to bile (Figure 4.2).
Under anaerobic conditions, there was a significant decrease in survival for EGDe within the 3 hr bile exposure (p ≤ 0.05), whereas no significant change was observed
in the mutant strain after exposure to bile at any given time point (Figure 4.2). Just as
observed under aerobic conditions, no significant difference was observed in survival
between the wild type and the recA after exposure to bile.
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Figure 4.2 Bile decreases the survival of L. monocytogenes strain, EGD-e and the
recA mutant at 3 hr under aerobic conditions. Under anaerobic conditions, bile only
decreased the survival of EGD-e at 3 hr. L. monocytogenes strains, EGD-e and recA
mutant was grown in the presence of 0% or 5% bile under aerobic and anaerobic
conditions. Percent survival was analyzed using viable plate counts. Cells were
grown for 5h with aliquots being plated at 1h, 3h and 5h. Graphs indicate an
average of three independent replicates ± standard deviation for n = 3.
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4.4 DISCUSSION
Bile acts as a bactericidal agent and is known to induce damage to the DNA.
Many studies have shown the upregulation of various DNA repair genes, including those
associated with the SOS response, after exposure of L. monocytogenes to bile. Thus, the
purpose of this study was to analyze the role of recA in repairing the bile induced damage
in L. monocytogenes. RecA is the activator of SOS response and LexA is the repressor of
SOS response. recA is activated by the single strand breaks in the DNA, the activation of
which causes the autocatalytic cleavage of the repressor LexA, inducing the SOS
response. Thus, one would expect RecA to play an important role in bile resistance by
inducing the SOS response and repairing the DNA damaged.
The expression of recA, lexA, and uvrA were measured to assess the role of the
SOS response in bile induced damage under both aerobic and anaerobic conditions.
Additionally, the bile resistance genes bsh and bilE were measured under both conditions.
The expression of recA, bsh and bilE were increased following exposure to bile. This
does suggest that bile induces DNA damage that leads to the activation of recA, thereby
inducing the SOS response and also inducing another member of SOS response, the bile
exclusion system, bilE which aids in bile resistance. Increase in expression of the bile
resistant gene bsh was also expected. Thus, the upregulation of bsh along with bilE
increases bile resistance in L. monocytogenes, EGD-e.
The increase in expression of bilE and uvrA, both of which are known to be
induced by the SOS response, in the recA mutant suggests that these genes can be
induced other than the SOS response. The down-regulation of recA by 24-fold was
expected in the recA mutant.
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Under anaerobic conditions after bile exposure, expression of recA, bsh, bilE and
uvrA was increased in EGD-e, whereas the expression of lexA was decreased. The
increase in expression of recA and other SOS response members like bilE and uvrA
suggests that bile induces damage to the DNA, which is then detected by RecA and
repaired by the SOS response. The decrease in expression of lexA suggests that the repair
has been made since the SOS signal is lost and LexA is not undergoing cleavage. Even
though BilE is a member of SOS response, it is possible that there are other genes that are
involved in the induction of expression of bilE. In Mycobacterium spp, research has
shown that expression of uvrA decreases under anaerobic conditions whereas increases
under aerobic conditions (Cordone, Audrain et al. 2011). Even though our data was
opposite of this, it does show that oxygen availability also plays a role in how these repair
genes are expressed.
In the recA mutant, the expression of recA and lexA was significantly reduced
under anaerobic conditions. Since the mutant lacks recA, the decrease in expression of
recA was expected. The bilE, bsh and uvrA genes were also not expressed under
anaerobic conditions in the mutant. Lack of expression of bilE and uvrA under anaerobic
conditions suggests that oxygen availability plays a role in the expression of these genes
and that recA may be important for the bile induced DNA repair and bile resistance under
anaerobic conditions.
As the expression of recA was found to differ under aerobic and anaerobic
conditions, the ability of the wild type strain EGD-e and the recA mutant strain to survive
high concentrations of bile (5%) was analyzed. As the mutant strain lacks recA, the
inducer of SOS response, one would expect to see mutant’s ability to survive in the 5%
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bile impaired due to lack of induction of the SOS response and thereby the failure to
repair the DNA. But, our results showed the opposite. Our results showed that there is no
significant difference between the wild type and the mutant strain’s ability to survive 5%
bile exposure. It is different from the results observed by others. One of the reasons for
this difference to be observed could be attributed to the fact that that this other research
group used oxbile, whereas we used porcine bile. Research has shown that porcine bile is
more similar to human bile, physiologically. Another reason could be the duration of
exposure, this previous research exposed the cells to bile only for 20 minutes as
compared to our exposure for a minimum of 1 hr. The upregulation of the bile resistant
gene bilE and the DNA repair gene uvrA under aerobic conditions could also be a reason
for allowing the recA mutant to survive the bile stress. It is also possible that another
DNA repair mechanism independent of recA may be required to repair the DNA under
bile stress. This mechanism still remains to be tested.
Together, these data suggest that RecA may not be required for the repair of the
bile induced damage in L. monocytogenes. It is highly likely that a RecA independent
repair mechanism helps L. monocytogenes recover from the damage, thereby aiding in
bile resistance. For instance, RadA may be a repair mechanism required for survival.
RadA is independent of the SOS response and our preliminary data indicate that the
expression of radA increases nearly 500-fold following exposure to bile. The expression
of this DNA repair gene was not upregulated in a recA mutant though. Recent evidence
has indicated that though this gene is not upregulated as part of the SOS response, it does
in fact interact with RecA to promote homologous recombination (Marie, Rapisarda et al.
2017). A double mutant study involving the deletion of recA and deletion of radA,
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perhaps might prove a helpful study to understand the DNA repair mechanism in L.
monocytogenes, thereby understanding its role in bile resistance.
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CHAPTER V- CONCLUSIONS
Listeria monocytogenes is a Gram-positive, facultative intracellular food-borne
pathogen that causes the disease listeriosis. In order to establish an infection, L.
monocytogenes must survive multiple stressors encountered within the gastrointestinal
tract, including alterations in pH, bile, salt, and oxygen availability. Bile acts as a
bactericidal agent by causing damage to the membrane and DNA, but what kind of
damage is induced by bile in L. monocytogenes under physiological relevant anaerobic
conditions is not known. This study focused on understanding the damage induced by
bile in L. monocytogenes.
Listeria is known to alter its cell membrane in the presence of bile, as previous
studies from our laboratory have shown the membrane thickness of bile sensitive and bile
resistant strains is significantly increased or reduced, respectively (Merritt, Lawrence et
al. 2010). This alteration at the cell membrane is important to characterize, as it may
correlate with intestinal fitness of these bacteria. It is known that many bacteria modulate
their fatty acid composition in the membrane in survive the damaging effects of various
environmental stressors. In chapter II, we showed that exposure to bile alters the fatty
acid composition of three strains of L. monocytogenes that vary in their bile sensitivity
(HCC23, 10403S and F2365). This change in fatty acid composition increased the bile
survival capability of the sensitive strain HCC23. Surprisingly, this impact was only
observed under aerobic conditions. There was no increase in survival for 10403S and
F2365, which have moderate to high levels of bile resistance. The fluidity of the cell
membrane increased in these two strains as well under aerobic conditions. Under
anaerobic conditions, fluidity was increased in all strains following exposure to bile. The
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expression of efflux pumps MdrM and MdrT in HCC23 and 10403S was also altered.
MdrM and MdrT are also known to be a part of bile resistance mechanism. MdrM is also
known to aid in lipotechoic acid production via c-di-AMP that helps to maintain cell wall
integrity. Similar to what has been observed by others (Schwartz, Carleton et al. 2012),
the expression of these pumps was low for F2365. The increase in the thickness of the
cell membrane observed among bile sensitive strains may be due to alterations in the
composition of the fatty acids. Therefore, our data in chapter II suggest that bile sensitive
strains of L. monocytogenes may incorporate fatty acids exogenously to promote bile
survival, which helps maintain the integrity of the membrane and also increase the
expression of efflux pumps.
Chapter II indicated that substantial changes were occurring at the cell membrane
of L. monocytogenes, and these responses are different between bile sensitive and bile
resistant strains. Due to these differences, chapter III is focused on identifying the type of
damage that is elicited in response to bile. Though bile sensitive strains incorporated
exogenous fatty acids into their membrane and this improved cell survival, we found that
there was no loss of membrane integrity as there was no change in membrane potential
and NADH:NAD+ in HCC23. We also did not detect the presence of protein carbonyls or
DNA damage. Neither of these were observed under aerobic or anaerobic conditions.
This data correlates with our proteomics data as we had seen an upregulation of MreC,
adenylate kinase, ATP synthase and various dehydrogenases in HCC23 under aerobic
conditions. MreC is a protein that helps bacteria maintain their rod like shape. Research
has shown that during oxidative stress, to protect themselves from the toxic effects of
reactive oxygen species, usually oxidation of this protein takes place to act as a reductive
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sink. Since up-regulation of this protein was observed, probably oxidation of this protein
did not take place. Various dehydrogenases were also upregulated (Payne, Schmidt et al.
2013), probably assisting the cells to maintain the redox balance. Also, the upregulation
of adenylate kinase is most likely helping to maintain the ATP homeostasis in the cell.
Moreover, NADH dehydrogenase was also observed to be downregulated in HCC23.
Down-regulation of this dehydrogenase helps cells to adapt to cell envelope stress,
thereby maintaining membrane integrity. In F2365, after exposure to bile under aerobic
conditions, carbonyls were detected, no change in membrane potential or NADH: NAD+
was observed, nor DNA damage was observed. One of the reasons could be that,
according to our proteomics data, glyoxalase and aspartate dehydrogenase proteins were
upregulated after exposure to bile under aerobic conditions, whereas MreB was downregulated. Research has shown that glyoxalase proteins protect cells from glyoxal and
oxidative stress by mediating a detoxification process through glutathione (GSH) and
aspartate dehydrogenase helps to maintain redox balance. Moreover, carbonyls were
detected probably because MreB might have undergone oxidation to neutralize the effects
of reactive oxygen species. Under anaerobic conditions, however no carbonyls were
detected and there was an increase in membrane potential, suggesting the membrane was
depolarized. Membrane depolarization acts as signal for maintaining cell wall integrity.
The NADH: NAD+ was lower in bile treated cells anaerobically. Even though the lower
ratio may indicate oxidative conditions leading to oxidative stress, no signs of oxidative
stress were observed. Even the presence of oxidized guanosine in the DNA was lower
under anaerobic conditions after bile treatment than untreated cells. This could be again
related to the membrane polarization effect which helps the cell maintain its integrity.
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Moreover, our proteomics data showed the up-regulation of glucose-6-phosphate
dehydrogenase. This protein is a part of the pentose phosphate pathway where it
generates NADPH to maintain the redox balance, which in turn maintains the level of
glutathione to protect the cells from oxidative stress. Similarly, under aerobic conditions,
protein carbonyls were observed in 10403S, there was no change in membrane potential
or NADH:NAD+ ratio or DNA damage detected. Again just like F2365, mreB was
downregulated in 10403S. Probably the protein carbonyls were a result of the oxidation
of this protein to protect the cell from reactive oxygen species. NADH dehydrogenase
was also downregulated, whereas alanine dehydrogenase was up-regulated along with
ribulose-3-epimerase. Ribulose-3-epimerase also takes part in the pentose phosphate
pathway and helps in the generation of glutathione. Under anaerobic conditions, however,
no carbonyls, no DNA damage and no change in membrane potential was observed,
though the NADH:NAD+ was lower. Even though mreB was downregulated, no
carbonyls were observed and alanine dehydrogenase was also down-regulated.
The differences seen in the stress response to bile by the different strains could be
related to our proteomics data. As concentration of bile is important as to how the
bacteria respond to the stress, since we used 0.3% bile which is a lower amount,
attributed to change in membrane fluidity and integrity. A higher concentration of bile is
known to cause membrane disruption and macromolecule instability. Therefore, a study
with higher concentration of bile is needed to notice the membrane and DNA damaging
effects. Moreover, intracellular concentration of GSH:GSSG also needs to be analyzed as
many redox proteins have been seen to be involved with bile responses. Probably high
levels of glutathione are protecting the cell from the oxidative stress of bile as it is the
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cells’ natural antioxidant. Moreover, the effect of bilirubin also needs to be tested as
bilirubin in bile also has antioxidant properties. The other thing to take into account is the
time of exposure, as these other studies used a much shorter time frame to complete their
data. Moreover, we analyzed DNA damage by measuring the 8-Ohdg which is a
characteristic of oxidative damage. However, just because we did not detect the presence
of 8-OHdg does not mean that other forms of DNA damage, for example presence of AP
sites, could exist. Thus, detection of AP sites in the future will be helpful.
Since exposure to bile upregulates many DNA repair proteins including members
of SOS response, chapter IV analyzed the effect of bile on EGD-e and the isogenic
mutant of EGD-e, recA. We showed that, even though one may expect a recA mutant to
have an impaired survival in the presence of bile, as recA may be important for the repair
of bile induced DNA damage, the DNA repair in L. monocytogenes EGD-e is recAindependent.
Thus, the response to the bile induced stress of each strain differs in Listeria
monocytogenes and oxygen availability plays a role in the response of Listeria
monocytogenes. Further research still needs to be done to identify the stress response of
Listeria monocytogenes to bile under anaerobic conditions as well as to identify the recA
– independent DNA repair mechanism in Listeria monocytogenes.
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